Introduction
Ecotones are boundaries, or transition zones, between ecological communities, ecosystems or ecological regions usually formed by steep environmental gradients (Kark, 2013) . In terrestrial systems, species richness, abundances and productivity tend to peak in ecotones (Smith et al., 1997; Kark, 2013) . However, the study of ecotones and its effects in the open ocean environment has not received the same attention as in terrestrial systems. The best examples of ecotones in the marine environment are oceanic fronts. Fronts are areas where distinct water masses meet creating enhanced horizontal gradients of physicochemical properties (Belkin, 2003) . Fronts have been shown to increase phytoplankton diversity (Barton et al., 2010; Ribalet et al., 2010) and productivity (Springer et al., 1996; Okkonen et al., 2004; Belkin et al., 2009 ), yet their role in structuring bacterioplankton (i.e., bacteria and archaea) community shifts is unclear. This is critical since bacterioplankton make up the largest living biomass in the ocean and drive biogeochemical cycles (Kirchman, 2010; Buchan et al., 2014) . Recent work revealed that oceanic fronts can act as ecotones, creating boundaries for bacterioplankton distribution in the ocean (Baltar et al., 2016) . However, limited sampling and strong seasonal variability prevented testing of whether the front acted as a bacterioplankton diversity hotspot.
Here we performed the first seasonal high spatial resolution study of bacterioplankton diversity across an oceanic front (Subtropical Frontal Zone) . This study involved six sampling cruises from January 2014 to April 2015. We combined a high-resolution characterization of the front and the analysis of bacterioplankton diversity (see Supporting Information). In all the cruises, bacterioplankton, nutrients and chlorophyll-a were sampled at eight surface (2 m) stations along a 48 km long transect, as in previous studies (Baltar et al., 2015 (Baltar et al., , 2016 . The Subtropical Front is where the warm and salty subtropical waters (STW) and the cold, high-nutrient low-chlorophyll sub-Antarctic waters (SAW) meet.
Results and discussion
Temperature and salinity changes along the transect retained the same structure throughout the study, with the presence of the three main water masses located in this area (Fig. 1A) . Off the coast, the low salinity neritic waters (NW; characterized by riverine inputs) encounter and gradually mix with the warmer and saltier STW. This is followed by a sharp drop in temperature and salinity, demarking the front and the convergence of the STW with the offshore SAW. As previously reported, the location, width and strength of the front varies seasonally (Fig. 1B) (Heath, 1972; Hopkins et al., 2010; Jones et al., 2013) . Seasonally dependent shifts in the front location and strength correlated with changes in nitrate, phosphate and phytoplankton biomass (i.e., chlorophyll-a [chl-a]) ( Fig. 1C ; Supporting Information Fig. S1 and Supporting Information Table S1 ). This seasonal (i.e., high productivity: Summer-Spring and low productivity:
Autumn-Winter) effect also resulted in an increase in variance during periods of high productivity ( Fig. 2 ; Supporting Information Tables S1 and S2, and Supporting Information Fig. S2) . Thus, the change in seasons affected the strength of the front, which is reflected in physicochemical changes and in increased variance during high productivity periods.
To determine the role of the front as an ecotone we focused our analysis on stations representing SAW, frontal and STW waters only. Along these waters, seasonal changes were linked to changes in physicochemical gradients reflecting the strength of the front. Strong seasonal changes in bacterioplankton community composition were Continuous surface temperature and salinity measurements were collected along the transect using a Sea Bird SBE45 thermosalinograph and associated SBE38 remote temperature sensor. At each station, seawater surface samples were collected in 5 L acid-rinsed plastic bottles by means of an onboard continuous pump with the inlet located approximately 2 m below the surface. Samples for total and size fractionated Chl-a analysis were filtered on-board on Whatman GF/F filters using low vacuum (e.g., < 200 mm Hg). Following filtration, these filters were folded and placed into pre-labelled 15 mL polypropylene centrifuge tubes and then frozen. These filters were extracted in 90% acetone for 16-24 h and measured using a pre-calibrated Turner Designs Fluorometer as previously described (Parsons et al., 1984) . Water samples for nitrogen-nitrate (hereafter referred to as nitrate) and dissolved reactive phosphorous (phosphate) were collected from the CTD bottle casts and surface supply intake system using the Joint Global Ocean Flux Study (JGOFS) recommended procedures (Knap et al., 1996) . Samples were calorimetrically analyzed for nutrient concentrations using flow-injection analysis on a Lachat Autoanalyzer according to the methods of (Parsons et al., 1984) . Water masses were estimated based on changes in salinity and temperature, following Baltar et al. (2015) and Baltar et al. (2016) , based on the water masses threshold characterization by (Jillett, 1969) (Fig. 1) . The front was located where a rapid change in both temperature and salinity was observed. A discriminant function analysis was performed in R (version 3.2.3) with the package MASS (version 7.3) to confirm these allocations, using temperature, salinity, phosphate, nitrate and silicate concentrations.
Fronts are ecotones but not diversity hotspots 185 also observed (Figs. 1E and F, and 3) . Community composition shows a similarity gradient with frontal waters as a boundary where a mixing/hybrid zone exists. The strength of the front, and its capability as a boundary of bacterioplankton communities, is modulated by seasons with strong ecotone effects observed during periods of high productivity (Fig. 3) when water mass differences were strongest. However, even when accounting for seasonal variability, the predicted increase in alpha-diversity at the front compared with SAW and STW was never observed (Fig. 3B) . Instead, we observed a rearrangement of the communities as reflected by the shift in Shannon diversity in the absence of changes in richness and Bray Curtis distances (Supporting Information Tables S3 and S4) . Although richness remained stable over space and time, small diversity changes along the gradient were likely linked to phytoplankton blooms and the increased detection of blooming organisms. We used the Earth Microbiome Project (EMP)-V4 Primer 806R, which has biased detection of the SAR11 clade (Apprill et al., 2015) . However, it does not bias other taxa (Apprill et al., 2015) , so it was deemed suitable for this study which is investigating community level changes, not the SAR11 clade specifically. Nevertheless, the alpha-diversity (richness, diversity and evenness) of bacterial communities might be biased in terms of 'relative' alpha-diversity of SAR11 (proportion of SAR11 amongst bacterial OTUs/species per site/per water mass).
Our results demonstrate that fronts serve as transition zones, ecotones and can be used to identify changes in bacterioplankton communities across oceanic water masses. However, these fronts do not result in increased overall richness/diversity. The strength of the front is seasonally driven (Supporting Information  Fig. S3 ), and reflects observed increases in variance and community dissimilarity in high productivity times due to strong selective pressure or overwhelming detection of blooming organisms. While oceanic fronts are clear boundaries, they are not bacterioplankton diversity hotspots in contrast to the general pattern found for ecotones in terrestrial systems. This might be due to the more dynamic nature of oceanic fronts, that experience continuous mixing, enlarging and contracting events resulting in a less stable environment than found for terrestrial ecotones. This is consistent with the notion that boundaries that fluctuate in space-time have lower diversity than stable, long-term boundaries (Delcourt and Delcourt, 2012) . Fig. 2 . Strong correlations between physicochemical parameters and salinity (as a proxy for water mass changes along the transect) at each sampling date by seasons (high productivity: Summer-Spring and low productivity: Autumn-Winter) reflect increase in variability during periods of high productivity. Asterisk denote the periods when the P-value of the correlations were lower than 0.05 (Supporting Information Tables S1 and S2). B. Summary of relationships by season (high productivity: Summer-Spring and low productivity: Autumn-Winter) show no change in richness along the transect, or throughout the season, but a rearrangement of the communities as reflected by changes Shannon diversity and Bray Curtis distances. Distances for this plot were based on a comparison to Replicate 1 from Station 8 at time 0. Sub-Antarctic Water (SAW), Subtropical Water (STW), frontal zone (FRONT). Asterisk denote the periods when the P-value of the correlations were lower than 0.05. Samples for DNA analyses were collected by filtering 0.5-0.8 l of seawater through a 0.22 mm polycarbonate filter. Duplicate samples for DNA extractions were obtained together with samples for chlorophyll-a (Chl-a) analysis from each station at the surface. DNA was extracted separately from each filter using a PowerSoilV R DNA Isolation Kit (MoBio, Carlsbad, CA, USA). The manufacturer's protocol was followed, modified to use a Geno/Grinder for 2 3 15 s instead of a MO BIO Vortex for 10 min and a final elution of 50 mL solution C6 (sterile elution buffer, 10 mM Tris). DNA concentration was measured using a Nanodrop Spectrophotometer from Thermo Fisher. The median 260/280 ratio was 1.5 with a lower quartile of 1.4 and an upper quartile of 1.7. Amplification was tested using polymerase chain reaction (PCR) with six samples that were representative of the spread of yields. 16S rRNA gene amplicon sequencing was carried out using the Earth Microbiome Project barcoded primer set and conditions (Caporaso et al., 2012) . All amplicons (independent replicates) were run on an Illumina Miseq run. QIIME 1.9.1 was used to quality filter sequences to 151 base pairs, using default parameters (Caporaso et al., 2012) . Low sequence depth samples (< 10 000 sequences), were removed. Operational taxonomic units (OTUs) were defined by clustering sequences with at least 97% similarity. Open-reference OTU picking was carried out using the SILVA 119 release reference library and UCLUST (Quast et al., 2012) . The OTUs were assigned taxonomy using BLAST-based classification and the SILVA reference database. Data was rarefied (subsampled) 10 times to a depth of 10 000 sequences per sample before merging of OTU tables. Downstream analysis was conducted using the merged biom file. OTU tables were transformed to account for multiple rarifications by dividing the individual OTU abundances by the number of rarefactions (10) and all data was rounded prior to downstream analysis using the phyloseq package (McMurdie and Holmes, 2013) in R (R Development Core Team, 2016). Alpha diversity measures (Shannon and richness) were calculated using the estimate_richness command. Linear regression were performed in R using the lme4 package (Bates et al., 2014) and variance was calculated using the var() function in R. Data was analyzed separately either by sampling time (each time analyzed independently) or by season. Bray Curtis distances were calculated using the vegan package (Wagner, 2013) 
Supporting Information
Additional Supporting Information may be found in the online version of this article at the publisher's web-site: Table S1 . Variance and regression analysis for salinity (as proxy for water mass changes along the transect) versus physiochemical parameters and alpha diversity measures. Analysis was performed separately for each sampling cruise with times since start of study and month indicated by the first two columns. All analyses where performed on samples belonging to Sub Antarctic (SAW), Sub tropical (STW) and Frontal (FRONT) waters and corresponds to plots in Figs. 1 and 2. Table S2 . Variance and regression analysis for salinity (as proxy for water mass changes along the transect) versus physiochemical parameters and alpha diversity measures.
Analysis was performed for samples collected during high (Summer-Spring) and low (Autumn-Winter) productivity periods. All analyses where performed on samples belonging to Sub Antarctic (SAW), Sub tropical (STW) and Frontal (FRONT) waters and corresponds to plots in Figs. 1 and 2 . Table S3 . Variance and regression analysis for salinity (as proxy for water mass changes along the transect) versus Bray Curtis distances based on 16S rRNA amplicon sequencing data. Analysis was performed for samples collected over a 448 day period across high (Summer-Spring) and low (Autumn-Winter) productivity periods. All analyses where performed on samples belonging to Sub Antarctic (SAW), Sub tropical (STW) and Frontal (FRONT) waters and corresponds to plots in Fig. 2 . For each time period all distances represent comparisons to a single replicate in Station 8 (SAW) for the given period. Table S4 . Variance and regression analysis for salinity (as proxy for water mass changes along the transect) versus Bray Curtis distances based on 16S rRNA amplicon sequencing data. Analysis was performed for samples collected during high (Summer-Spring) and low (Autumn-Winter) productivity periods. All analyses where performed on samples belonging to Sub Antarctic (SAW), Sub tropical (STW) and Frontal (FRONT) waters and corresponds to plots in Figs. 1 and 2. All distances were compared with a single replicate in Station 8 (SAW) at T0. Fig. S1 . Strong correlations between physicochemical parameters and salinity (as proxy for water mass changes along the transect) at each sampling date. Time is presented as days since start of study with significant correlations based on linear regression indicated by an asterisks. Fig. S2 . Variance of chlorophyll-a (Chl), nitrate, phosphate, richness and Shannon diversity index by seasons (high productivity: Summer-Spring and low productivity: AutumnWinter) reflect increase in variability during periods of high productivity (except for richness). Fig. S3 . Depiction of the seasonal variability of the boundary/ecotone effect of the Subtropical Frontal Zone off Otago (New Zealand). During spring/summer phytoplankton blooms result in strong decreases in inorganic nutrients (nitrate and phosphorus) and an expected increase in dissolved organic matter produced by the phytoplankton causing a shift in the bacterioplankton community. The lack of iron in the SAW (high-nutrient low-chlorophyll water mass) precludes any strong phytoplankton bloom, thus community shifts are smaller in these waters. The front then acts as a boundary (ecotone) where the nutrients and the communities of STW and SAW are mixed, with communities along the front being hybrids of both water masses without significant effects on alpha diversity (Supporting Information  Tables S1-S3 ). In contrast, during winter, the remineralization of nutrients in STW and frontal waters, together with the low primary production (due to a deep mixed layer and the lack of light) leads to high inorganic nutrient concentrations in STW resulting in an increase in community similarity along the transect as the front weakens and conditions are more similar on both sides of the front (STW and SAW). During this time the ecotone effect of the front is reduced. For the sake of simplification neritic waters were excluded from the diagram. STW: subtropical water; SAW: subantarctic waters.
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